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TECHNICAL NOTE 3580

STALL. PROPAGATION IN AXTAI-FLOW COMPRESSORS

By Alan H. Stenning, Anthony R. Kriebel,
and Stephen R. Montgomery

SUMMARY =

A theory of stall propagation in a cascade of airfoils of high
solidity has been developed which includes the effects of finite blade
chord and of the boundary-layer response to changes in angle of attack.
The theory, based on the assumption that the flow behind the cascade
consists of free jets discharging into a constant pressure region, is
valid for small perturbations in velocity about & mean flow condition
with finite pressure rise across the cascade, provided that the pressure
fluctuations downstream of the cascade are much smaller than those up-
stream of the cascade. The solution for the veloclty of stall propage-
tion indicates that the velocity increases with the wave length of the
stall cell, tending towards a limiting value for very large stall cells.
The wave length of the stall cells at the beginning of rotating stall
is dependent on the smount of time required for movement of the separa-
tion point on the airfoil (boundary-layer time delsy).

For a stationary circular cascade and a single-stage axial-flow
compressor, which were tested as part of this investigation, the theory
predicts propagation velocities within 25 percent over a wide rasnge of
wvave lengths. The experiments have confirmed that sn increase in wave
length is accompanied by an increasse in propagation velocity, if other
parameters are unchanged.

INTRODUCTION

In 1941, an. investigation of diffusers for centrifugal compressors
was made by Whittle's group, who were at that time developing the first
British Jet engine. They constructed a low-speed research rig with an
observation window to study, with tufts of thread, the flow pattern at
the diffuser entrance. For one type of diffuser the observation was
made that at low maiss flow rates a reglon of flow reversal traveled
around the diffuser in the direction of wheel rotation, causing flow
separetion on each diffuser blade in turn. The velocity of the traveling
stall was approximately one-sixth of the rotor tip speed. This was the
first recorded example of the phenomenon now known as "rotating stall"
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(ref. 1). The phenomenon apparently sttracted little attention at the
time and no further reference to it can be found, although in the light
of recent discoveries 1t is possible that rotating stall was the cause
of some blading fallures in the early Whittle englnes.

Several years later, at a time when compressor blade fallures had
become one of the major problems in the development of the axial-flow
turbojet englne, rotating stall was rediscovered. Although the phenomenon
wes noted lndependently by severel researchers, the first detailed study
was apparently made by a research group working under the direction of
Emmons (ref. 2). Using hot-wire techniques to investigate flow conditions
in an axlal compressor, Emmons' group found that, when the compressor
was throttled, regions of low velocity appeared, traveling around the
annmuius In the direction of wheel rotation but at a lower speed. It was
then apparent that blade fallures previously unexplained were probably
caused by vibratory stresses induced by rotating stall.

Iater investigations of rotating stall in single-stage end multistage
compressors are described in references 3 and 4.

The origin of rotating stall mey readily be explained from consider-
ation of the flow changes assocliated with blade stall. When & cascade of
alrfolls operates close to the stalled condition, a local incresse in
angle of attack on one alrfoil may initiate stell on that blade. Because
of the increased blockage effect of the separstion region, some fluid
spllls around the affected channel, increasing the angle of attack on the
blede ebove the stalled sirfoll and decreasing the angle of attack on the
blade below, so that the stalled reglion propagates along the blade row
as shown in figure 1.

The main concern of the compressor desligner is the frequency with
which stalled regions pass the compressor blades. It 1s desirable to
be able to predict this frequency for a given compressor end, if neces-
sary, to alter it to avold blade resonance. Investigations of rotating
stall in exial compressors have ylelded & bewildering variety of results,
with no apparent order, so that at present the desired goal is not in
sight. Some success has been attained in predicting the velocity of
propagetion of the stalled regions, but no meens has been found of pre-
dicting the number of stalled regions present In a given compressor,
and this number must be known before the exelting frequency can be cal-
culsted.

The investigation described in this report was underteken in the
belief that a thorough study of stall propagation in the simplest possi-
ble case (the single, two-dimensional cascade) was essential before
approaching the more practical, but many times more complicated, prablem
of rotating stall in the axiasl compressor. Previous analyses of stall
propegation in single cascades considered only disturbances of large

s T

I e



NACA TN 3580 3

wave length and were unsble to give any cliues to the reasons for the
gppearance of stalled regions of varylng wave lengths as the inlet angle
to the blade row was changed. An enalysis which included the effects of
finite blede chord was therefore carried out snd was accompanied by
experimental work on a single cascade and on a single-gstage compressor

to determine the validity of the svailsble theories snd the effects which
must be included in s successful theory.

This Investlgation has been conducted at the Massachusetts Institute
of Technology under the sponsorship and with the finasncial assistance of
the National Advisory Commlttee for Aeromautics. This report summarizes
the results of an investigation in which many members of the Gas Turbine
ILaboratory staff have participated.

Mr. A. R. Kriebel designed the test cascade and was responsible for
the success of the high-speed schlieren photography. Mr. S. R. Montgomery
and ILieutenant J. J. Braun, USN, investigated the stall characteristics
of the single-stage compressor and provided the data on stall propagation
in the rotor. The original idea of using a circular cascade came from
Professor E. S. Teylor, who has guided the project since its initiation.
Professor Herold E. Edgerton gave generously of his time and lent much
equipment.

SYMBOLS

A ares

an(t), bp(t),

functions of time
e, (t), 4,(%)

B left-hand side of equation (19)
b half wave length of disturbance

c defined by equation (20)

C value-of C when ac _ 0

max db

Pos - P31

C cascade pressure coefficient, 5.
D (o/2) ey
c veloeity

Cy steady-state veloelty in x-direction



Po

Re
r,8
Ty

To

steady-state veloecity in y-direction
steady-state radial velocity
steady-state tangentiel velocity

opersator, 9

3t
distance
function of B4
frequency
functions defined by equations (11) and (12)
equilvalent chord length of blade
Mech number
mass flow rate
number of symmetric stall cells
number of harmonic
stream pressure
total pressure
outside radius of guide<vane row
Reynolds number -
polar coordinates
inside radius of cascede
outside redius of cascade
stream tempersture
total temperature
time

total velocity in x- (or r-) direction

NACA TN 3580
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u! perturbation velocity in x- {(or r-) direction
\'Z velocity of stall propagation reletive to blade row
Vn velocity of stall propaegation of nth harmonic relative to

blade row
v total veloeity in y- (or 6-) direction
v! perturbation veloeity in y- (or 6-) direction
X,¥ rectilinear coordinates
o discharge coefficient of cascade,

Actual mass flow

Ideal mass flow for same (Pol - pg)

! = da,
d (eot 81)
B1 inlet angle to cascade
Bo outlet angle from cascade
M nth root of charascteristic equation
Wind-tunnel compressor tip speed

m = Speed of sound in air entering compressor
P density
o cascade solidity, %?%%%
T time constant of boundary-layer delsy
o) total velocity potential
P perturbation veloecity potential
Wn radian frequency of nth harmonic
Subscripts:
r partial derivative with respect to r
t partiel derivative with respect to t
b4 partial derivative with respect to %
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¥ partial derivative with respect to ¥

8 partial derivative with respect to ©

THEORY OF ROTATING STALL

Background o -

Theoretical investigations of rotating stall have previously been
undertaken by Emmons, Sears, and Merble. In each case, the equations of
motlon were linearized, so that the analyses are strictly valid only for
small perturbations in velocity about a mean flow condition. In any
anslysis of stall propagation, the results obtained depend on the assump-
tions made about (&) the nature' of the flow field downstream of the
cascade, (b) the form of the cascede characteristic, and (c} the relative
importance of the different dynsmic effects which govern the velocity of
propagation of disturbances along the cascade. The possible agsumptions
which can be made will be discussed before reviewing the three theories.

The flow field immedistely behind a stalled cascade in steady flow
consists of streams of fluid, which have suffered little loss in stag-
nation pressure, separated by reglons of low stagnation pressure as
shown in figure 2. Downstream, mixing occurs between the high and low
velocity regions, and at e distance of 10 chords or so from the cascade
the velocity is aspproximately uniform across the wake. In analyzing
stall propagation, some approximation to the real conditions in the
unsteady flow behind the cascade must be made. Emphasis msy be placed
on the flow field immediately behind the cascade by considering the flow
to consist of & number of free Jjets entering a reglion of constant pres-
sure. Alternatively, the region where mixing is complete may be con-
gidered to be of greater importance and the velocity distribution down-
stream may be assumed continuous throughout the field. The true condition
lies between these two extremes and msy be closer to one or the other
of them depending on the size of the propasgating stall regions relative
to the blade chord. If the disturbance 1s very large relative to the
blade chord, then 1ts effect will be felt far downstream end well beyond
the mixing region. For this case, the mixing region can be neglected .
and the downstream flow fleld considered as a continuum. On the other
hand, if.the disturbance affects only two or three blades, it may be
dsmped out within the mixing region and the downstream pressure changes
will be small. The assumption of free Jets discharging into a constant
pressure chamber 1ls then to be preferred.

The cascade performance mey be represehted by curves of pressure
coefficlient, circulation, or effective discharge coefficient as a function
of inlet-angle to the cascade. This function masy be continuous or

L
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discontinuous, and considerable dissgreement exists as to which repre-
sentation is the more accurate. This question will probably be settled
only when dynamic measurements of cascade performance can be made.

In the most general case, three factors influence the speed of
propagation of a disturbance along a cascade of alrfoils in the stalled
condition. These sre (a) the time required for movement of the separs.~-
tlon point on the airfoil after a change in inlet angle, which will be
called the boundary-lsyer time delay, (b} the inertia of the fluid
between the blades, and (c) the inertia of the fluid outside the cascade.
The relative importence of these effects depends on the size of the
stall region with respect to the blade chord, becsuse the boundsry-layer
time delsy and the inertia of the fluld within the blaedes are proportional
to the blade chord, while the inertia of the fluid affected by the dis-
turbance outside the cascade is proportional to the wave length of the
disturbance. In consequence, when disturbances covering meny blades are
considered, the boundery-layer time delsy and the inertia of the fluid
within the cescade can be neglected.

The first analytical treatment of the problem was made by Emmons
in 1951. He showed that the cascade could be represented as a series
of channels in parallel, with varisble-area outlets to represent the
blockage effect of the separation regions. By investigating the
stability of small disturbances shead of the cascade, Emmons showed
that, 1f a critical value of the derivative of the effective outlet area
wilth respect to the angle of attack were obtained, disturbances would
propagate unchanged along the cascade. For lower values of the deriva-
tive dlsturbances died out, while for higher values they were amplified.
The propagstion veloclty was governed by an arbitrarily assumed time
delsy between changes in angle of attack and changes in the flow field
ahead of the cascade. Pressure variations behind the cascade were
assumed negligible and the cascade characteristic was assumed to be a
continuous function of inlet angle. FEmmons did not solve the dynamic
equations of motion and, therefore, was unsble to predict the velocity
of propagation.

Sears, in 1953 (ref. 5), considered the case of disturbances which
were large with respect to the blade chord and obtained the first complete
solution. He assumed the existence of stalled regions moving with steady
velocity along the cascade and calculasted their velocity and the con-
ditlions required to produce them. The velocity field downstream of the
cascade was considered to be continuous. Sesrs falled, however, to
realize the full consequences of the assumption of large stall cells
and introduced & boundary-lsyer phase lag which he believed to be of
prime importance in influencing stall propagetion. Although he obtained
a solution showing stall propagation occurring with zero boundary-layer
phase lsg, in his conclusions Sears still stated that the speed of
propagation of this phenomenon is determined by viscous effects. The
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cascade characteristic was represented as s continuous function of inlet
angle, and the mean flow condition was considered to be one in which there
was no pressure rise across the cascade and no turning of the flow. The
latter assumption 1s not a good one because rotating stall commences in

8 cascade at an angle of attack only slightly greater than that corre-
sponding to the peak of the pressure-coefficlent curve.

Marble, in 1954 (ref. 6), noted the inconsistency in Sears' analysis
with regard to the boundary-layer delay and presented a theory for large
stall cells in which the inertia of the fluid outside the blade row was
considered to be of much greater importance than either the boundary-
layer time delay or the inertia of the fluid between the blades. In
addition, by a very ingenicus method, he was able to treat the effect _
of & discontinulty in the cascade pressure-rise characteristic and show
how the shape of the propagaeting wave changed as the mean inlet angle
to the cascade Increased. The propagation velocities obtained were the
same as those predicted by Sears for zero boundary-lsyer phase lag.
Merble's theory, like Sears', is valid only for a mean flow condition in
which there 1ls a very small pressure rise across the cascade, since a
finite step in pressure is accompanied by finite velocity changes and .
the theory is based on the assumption of small perturbations in velocity.

In sumation, the theories presented by Sears and Marble should
predict the velocity (Sears-Marble value) of propegation of stalled
regions along & cascade in cases where the stalled reglons are so lerge
that the effects of the boundary-lsyer delsy, the inertia of the fluid
within the blades, and the mixing region after the cascade can be
neglected. They glve no clues to the reasons for the appearance of
different numbers of stall cells in & compressor as the compressor 1s
throttled, and they sre valid only 1f the cascade pressure coefficient
is small when roteting stall commences. -

In 1954, Stenning (ref. 7) presented a theory which treated the
case where the inertia of the fluld within the cascade could not be
rotating stall commenced. A later development of the theory includes
the boundary-layer delay and offers a possible explanation of the varying
number of stall cells which appear when s compressor 1s throttled. The
complete analysls 1s presented in the following section.

Analysls of Stall Propagation in a Cascade

The main objective of the anslysis is a consideration of stall
propagation when the baundsry-layer time delsy and the inertis of the
fluid within the cascade are considered as well as the free-stream
inertis. As has already been suggested, for this case (which 1s one
frequently encountered in practice), the pressure fluctuations downstream

<t
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of the cascade should be small compared with the upstream fluctustiouns,
so that the assumption that the flow behind the cascade consists of
free jets discharging into a constant pressure reglon appears to be the
more accurste one.

The model repréesentation of the cascade and the method of atiack
employed are simllar to those used by Fmmons. The advantage of this
method is that it uses the classic techniques of stability analysis
to determine whether disturbances will be amplified or will die away
and thus gives & good physical understanding of the phenomenon.

Representation of cascade.- The analysis is based on the model
shown in figure 3, with the cascade similated by a series of channels
of length L arranged in parallel and having variable-area outlets.
The fluid enters the cascade at (:) wilth entrance angle B3, is
turned to flow angle B2 at (:) in a short distance, and leaves the
channel at C). The assumption is made that the effect of stall pro-
duces a discrete region of flow separation, so that the wake behind
the cascade consists of a number of free Jets discharging into a region
of constent pressure.

The ratlo of exit area to Inlet area A2/A3 is defined to be a
function of B as-

2—§-= a = F(cot py)

The assumption is made that local changes iIn o lag behind local changes
in B3 exponentielly as shown in figure L, so that for step changes in

B1
sa = (8a)gs (1 - e't/T)

where (%a)gg 1is the steady-state change in o corresponding to the
change in B; and T 18 the time constant of the boundary-layer time

delaey. Thus, in general, when B, changes continually

r S(5) = (sw)gs - B

at any 1lnstant vhere (Sa)ss 1s the steady-state value of B8ua, corre-

sponding to the value of Bl at that instant or &x =
operational notation where D denotes N

ot

using
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This representation of the boundary-lsyer response 1s an extreme
oversimplification of a complex phenomenon which 1ls not yet fully
understood. It is, of course, not possible to consider the changes in_
effective exit area as independent of the fluid velocity in the passsage
since the fluld itself forms the "gate." However, the response assumed
gives the simplest model which includes the boundary-lsyer delay and
should at leasst yield some information on the effect of this delay.

The ratio Ay/As is equivalent to the ratio

Actual flow through cascade
Ideal flow for same (p01 - p2) with no losses

and 1s obtalnable, for & real cascade, from test results.

It can be seen that o = AQ/A3 is a measure of the "swallowing

capacity" of the cascade and must therefore be importsnt when the possi-~
bility of flow spillage around the entrance is considered. For & real
cascade, it can be shown that o 1s equivalent to

cos El
cos 52\/1 - CP

for a rectilinear cascade, where Cp is the pressure coefficient (see
appendix A). '

Additional assumptions are that the fluld is incompressible and
frictionless and that changes in Bo 1in the unsteady flow can be
neglected. The blades are considered to be very close together, so
that o may be taken as a continuous function of y.

For the initial analysis, the boundary-layer response is assumed
fast compared with the inertia delsys, so that T 1is taken as zero.
The effect of the boundary-lasyer delay is consldered subsequently.

Solution in field before cascade.- The solution in the field before
the cascade is obtained as follows:

The cescade lies on the y-axis in the xy plane. The fluid is con-
gidered to be incompressible. Perturbations are consldered from a steady
flow with inlet angle p] end velocity components cy and Cye

Since the flow entering the cascede is irrotational a veloclty
potential can be used. In the unsteady flow, -
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c
I

Cx + @

VESG P Y
& = cxx + Cyy + @

Where ¢ 1is the total velocity potential and ¢ 1is the perturbation

potential. From continuity, du  Ov _ O; that is, @y + @y = O.

ox Oy
Solutions to this equation are obtainable in the form

® nnx
P = E {mn(t) cos E%Z + by (t) sin 2%1 e © (1)
n=1

representing periodic disturbances of half wave length b and satisfying
the boundary condition, at x = -,

The stability of the disturbances depends on the time-dependent functions
an(t) and bp(t) which are as yet undetermined. From considerstion of

the dynemic equations, it is possible to find the conditions required for

the disturbances to be damped, amplified, or propagated unchanged along the
cascade.

From Euler's equation for unsteady flow,

¢4+ + H = Constant

where

2 2
H=E—+.p_=____+£
2 p o

For small perturbations from the steady flow,

q>t+c5c+—5§=0 _ (2)
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Equations (1) and (2) are valid in the region -»< x < O.

Entry to cascade.- The equation for flow entering the cascede is
derived as follows:

The dlstance @ to @ (fig. 3) ie assumed small so that inertia
effects between @ and @ may be neglected. Thus,

.2 2

__l_+i-25_.+32
2 o 2 P
op Sp
c18cl+—p-1=c38c3+—5§— (3)

At (D, equation (2) may be rewritten

Sp

Momentum effects in cascade.- In order to obtain the momentum effects
in the cascade, the flow between and (B) (fig. 3) is considered one-
dimensional and the momentum equation in the 1-direction is

dc dc | 1 dp _
31—:+c§+3§i-0

Integrating with respect to 1 from (3) to (2), with the assumptions

that c = c3 between (3) and (2) and that the change in velocity from
cz to cp tekes place in a short distance, gives

L5 et e o ms

For small perturbations from a steady flow,

Sp
L%(&C3) + ¢ 602-03 595-—p—3=0 (5)
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o)
if p, does not change. Eliminating cs 8ex + —f)i between equations (4)
and (5) gives

9
L —(8cz) + (P} + cp Bep =0 (6)
30 0%3 Pp/y + C2 Oc2
From continuity,
.l\.3c3 = Asco
Az Bez = Ap Bep + cp BAp
Thus,
A BA.
3 2
8o = += Bcz - Cp —
27K %3 T "2 RS
and

2 2
A A BAo
Co 5C2 = (ﬁ) 03 5C3 - <£) 032 A—2-

Also from continuity, u-= 5 cOs Bp 8o that Bu=q = 803 cos Bo.
Substitution for C3 end SC3 yields

2 2
e, 5 (iz) _%c_(‘*_s _ox W
2“2 Ao coszﬁz Ag cosaﬁa Ao

By substituting this expression for ecp 8c¢p in equation (6), the following
equation is obtained at point @:

2
I CxPx Cx BAp
Py + ———— Pyt + - =0 (7
cos pp XU a2 cosZpy ol cosps A2




1k

But,

Bho g
o1

- 1_ . 4o
= & 3 oot ) ) (_cot B1)

= %'- &(u/v)

a! P - cot qu’y
oYy

where
da

o' = TTeot By

Thus, at @ (fig. 3),

Cx Py (1 i cot Bla.'> cotzﬂla‘

L
+ £ + +
% ¥ oos pp W a? cos2ps % o cos2pp

NACA TN 3580

Cx®y = 0

(8)

This equation must be satisfied by ¢ at the entrance to the cascade,
that is, at x = 0. By substituting the solution for ¢ (eq. (1)) into

equation (8) and separating coefficlents of cozex‘ﬂ—l’;'X and sin H?L, two

glmultaneous differential equations are obtained in terms of a.n(t)

end bp(t) as follows:

c cot Bqot
8n (cos B2+—Ifbm)D+%t- > X (l- 1
a“ cos Bp @

2
b [BT cotBja'e, -0
n\b o cos Bo

c cot Bqa!
bn cosB2+—Iisﬁ)D+%2 T [1- l) - ap =
o< cos Bo @

IE

cot? Bia'e,

(!.3 cos Bo

I
o

Y,
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Assuming solutions of the form a, = .t‘x.ne7\1’l't and by = Bne7‘nt gives
the characterlstic equation

2 2
c cot B! cot2B alc
(cosﬁ2+.].:_n.:_t)7\n+ﬂ X 1 - + +E___l_x =0
b P &2 cos Bo & b o3 cos Bo

(9)

The roots of this equation may represent oscilllatory disturbances

which are damped out, amplified, or persist umchanged depending on the
cot Bia’

A Ve &
value of the damping term containing 1 = « If a'< <ot By’
the disturbence will die avay. If a'> g, 1t will be amplified
beyond the range in which a linearized analysis is valid. If o' = EE%EEI

(fig. 5), the disturbanece will persist and ap &and b, will be of the
form Ay cos unt + By sin apt and Ap sin wpnt - By cos anpt, respectively.

The potentisl fumction then represents waves traveling along the cascade.
At this point, the characteristic equation becames

ng 2

T oot By ox
7\1.'12"' E in =0
o JC
as cos Bg(ﬁg—-+ cos BQD

representing waves of frequency in radisns per second

ng
3 cot By cx

a? cos BE(E%E + cos BED

n =

The velocity of wave propagation of the nth harmonic along the
cascade V, = (Frequency)(Wave length) or

v. =202
B 2oxn

2 Inx
a“~ cos Bz(ﬁg— + cos 32)
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Vn _ cot B1 .
x o2 cos ﬁz(égg 4+ cos BEJ

This result indicates that the velocity of stall propagation incresses
wlth the slze of the stall cell, the limiting value of Vn/cx for stall
_CotBL figures 6(a) and 6(b)
m2 coseﬁe

a2V/c, 1s plotted against By for cascades with 10° and 15° turning
angles and different velues of ﬂL/b. The velocity of propagation is
teken as the veloclty of the fundamental component of the wave. The
expression for Vn/cy includes the number of the harmonic n and
indicates that higher harmonics travel more slowly than the primary wave.
This 18 not in accord with experience snd shows that a linearized anelysis
1s inadequate in this respect.

cells covering many hlades being

The propagatlion velocity mey be conveniently relasted to the cascade
pressure rise (which is a more familiar perameter than o) by replacing

cos Bl
o with its equivalent « Then
cos Be,/l - CP ’ ﬂ
Vn _ cot B1(l - Cp)
Cx Ingx
COS"‘Bl(b—aas—a—g‘ + 1)
' 2(1 - Cp)
X  gin 281(5—3%2535 + l)

For stsll cells covering many blades, this expression reduces to

v _ 2(1 - CE)
Cx sin 2p;

It should be noted that, with the boundary-layer time delay neglected, -
no limitation 1s placed on the wave length of the disturbances. Consgider-
ation of the boundary-layer delay permits prediction of the size of the
wave 1n addition to the velocity.
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Interferenée effect of blade row upstresm of cascade.- With the
assumption that pressure changes downstream of the cascade may be neg-
lected, 1t is not possible to treat the interference effect of an
additional blade row behind the cascade. Upstream interference effects
are, however, very easily determined. If a row of closely spaced blades
of very large chord is situasted a distance d from the cascade (fig, "() ’
then the perturbation veloeity ¢y will be forced to zero st x = -d
because of the high inertia of the fluld within the guide vanes. In
any practlcal case, @, will not be zero at x = -4 because of the
finite chord of the guide vanes, but this approximstion will permit an
estimation of upstresm interference. A solution for ¢ may then be
found in the form

nx -~ o4
q’:i[_;-n(t) COS]—J%Q—+bn(t) sinnT’W[eb +e D (e i\
n=1

satisfying the condition ¢ = 0 at x = -d. Substitution of this
solution into equation (8) gives, for the case of undamped waves, when

a,'=c°tBl
o 2
%cotﬁlcx
et
b
o Int\l - e
a“~ cos Bo 5 Sandy T 08 Bo
l+e b
Vn _ cot By
o -2nnd
b
2 Ing 1 - e
o~ cog Bp 5 -2nnd+c°s Bo
l+e P

The equivalent expression for propagetion veloecity in terms of the
cascade pressure coefficlent is
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Va _ 2(1 - c,)
Cx -2nnd
b
sin 2B1 P:ﬂ 1- Qnud + 1
1+e P

Thus, interference increases the velocity of propagation for Lm/b of
order unity but does not chenge it for disturbances with wave lengths
which are large compered with the blade chord. If d/b is very small,
v, cot B
then the coefficient of Inn/b 1s effectively zero end = =-——————E;
Cx o2 cos Bg
which is the same result as that obtalned without upstream interference
when the wave length is large. The addition of a row of gulde vanes
upstream of the cascade therefore decreases the influence of the inertia
of the fluid within the stalled cascade on the velocity of propagastion.

An aspproximation to the velocity of stall propagation relative to the
rotor 1n a single-stage compressor with gu%de vanes close to the wheel
cot B
thus may be obtained by putting g& = L « This should be valid

a? coéaﬁe

only when the blades are stalled from root to tlp so that the flow is
effectively two-dimensioneal.

Effects of boundary-layer delay.- The time constant T of the
boundary-layer delsy will now be included in the analysis to determine
the additional limitations it ilmposes on stall propagation. If

S = TD T 8 (cot B1) 1is substituted into equation (7), the equetion

satisfied 'by ¢ at @ is ) : _ B

T PR + + L Tox
Pet + Gos pp Mt T P+ WwtlcegTH * o2 cos2hn +
(10)
Cyu Py cot Bpat cotEBla.'
pv- - ol e — cxfy = 0
ac cos“Bo & " &3 cosPp,

Inserting the solution for @ (eq. (1)) and separating the coefficients

nny ny
of cos < end sin -

in terms of a, and by. Taking solutions of the form aj = Aneknt

give two second-order differential equetions

and by = Bne%nt glves the following charggteristic equation for A,
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nx Im 2 nxg/ L TCx
(r + % cos Bz))n + [l +?<cos Bo +a.2 c0s2By M+

2
nx cx (l cot Blcx.'>

B 2 cosPhy @

cotZpqa’c .
(EE ——%| =0 (21)
b cos<fo
This equatlion will be exasmined to find the conditions for undamped
oscillations in time. Equation (11) is of the form
(Glm,f + OGN + G3) 2r@2=0 (12)

For undamped oscillations, M = xlon must be a root. With A, = ilay
a8 solution is obtalned as follows:

(-lena + 100wy + G3)2 + G2 =0 (13)
With A, = -ioy a solution is obtained as follows:
(—Gla)na - 1Gony, + G3)2 +a@2=0 (1h)
Subtracting equation (14) from equation (13) and factoring give
2(—(;1%2 + G3) (21G2a)n) =0

Thus, if Ay = 4lwy 18 a root of equation (12), then ay° = G3/G_1_.
putting ay =\/G3/Gy in equation (13) gives

(-G3 + 1Gp\[a3/G1 + G3)2 +@2=0

—G22(G3/G1) + Ghz =0
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or

G5/01 = (G fe2) 2 (15)

The requirements for an undamped oscillatory solution to equation (12)
are, therefore, that G3/G1 = (GL/GQ)Z. With this requirement setisfied,
two of the roots of the equation sre #iey where wy = G4/Go. A factor
of the equation is then e + (Gu/Gg)e and the remaining two roots
satisfy the equation

M? + 2(Ga/e) Ay + [(Gh./Gg)g + (GQ/G1)2] =0 (16)

For the remaining two roots to be stable the coefficient of A, in
equation (16) must be positive; that is, Gp/G; must be positive.

Tt can be seen, therefore, that for equation (12) to have roots
representing undemped oscillations of frequency w, (1) all coefficlents

must be positive snd (2) Gz/Gy = QS@/GQ)Q. Under these circumstances,
Wp = Gh/Gg. Applying these results to equation (11), the requirement
for stall propagetion is

nx cx S - cot pyo’ nx cot2pia’ex 2
b 42 cos2po a _ P a3 cos2pp (17
rf1 +2x __L R EE( L4 TS 5}2
b b 2
cos Bp i \cos B2 a2 cos2po
and the frequency of the oscillations at eny point in radians per
ond 1
sec 8 nx cotZBla'cx
b3 cos2Bg
tn = (18)

B nx/ L “TCy
1+ 28 +
b (COS B2 o2 cosEBg)

If T =0 the same results are cobtained as in the earlier analysis. The
importence of this solution lies not in the precise relationship but in the
fact that a relation is established smong L/b, T, o, o', PB1, and B2
which makes stell propagation possible. More explicitly, since for a
glven cascade T, a, a', and PBo &ll depend on B3, a relationshlp

hes been found between L/b and f3 for stall prop&géffbn. Thus, over
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a range of inlet angles, stall propagation can occur and the size of the
stall cell wlll depend on the inlet sngle. This result mey explain the

varigtion in size and number of stall cells found in en axial compressor
stage over the working range of angle of attack.

It can be seen that, with the boundary-layer delsy included in the
cot Bqat

analysis, stell propsgastion ocecurs with —-—:;}—— less thean unity, so
that the frequency of the disturbances 1s lower than the fregquency of
the stalls of the same wave length when the boundary layer is left out.
The boundary-lsyer delsy therefore has the effect of decreasing the
velocities of propagation of the stalled reglons. The boundary-layer
time constant should be approximately of the order L/c3, so that the

boundary-leyer delsy mey be as important as the inertlas delay of the
fluid within the cascade and will have little effect on the velocity of
propagation of large stall cells.

Calculetion of wave length when rotating stell commences.- It is
now possible, without meking any additionsl assumptions, to predict the
wave length of the disturbances when rotating stell commences. Becsuse
of the simple representation employed for the boundery-lsyer response,
it would be unwise to attempt to derive numerical values from this
result, but 1t 1s of interest inasmuch as the main features of the
phenomenon can be reproduced with a simple model.

When equation (17), which cen be rewrlitten as

cot pjo! ng nx L
1-— b E}'+ b cos 52>

T cothﬂl(a')zcx L o B 1 . TCy 2
ll- 2B2 b cos B2 ? 2B2

(19)

o’ cos a“ ‘cos

is satisfied, stall propagation is possible. Tt can be seen that, as the
inlet angle ’ By to the cascade is increased end flow separation commences

on the eirfoils, o' will incresse from almogst zero to a positive
quantity. The group on the left side of the equation (dencted by B) will
therefore have a value which begins as a large positive quantity at the
design point end decreases as By is increased. At any setting of Bj,

the group on the right side of the equation (denoted by C) can have an
infinite number of wvalues for each harmonic, depending on the value

of b assumed. Considering only the primary component of the wave

(n = 1), there will, however, be a maximum value of C corresponding
to a wave length which might be considered as the wave length which is
closest to being propagated. As p; 1is Iincreased, the maximum possible
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value of C can be computed for each value of By eand compared with

the value of B (see fig. 8), which will, in general, be larger than
the value of C. However, as By 1s increased the difference between

B and . C shrinks until, at the critical value of Bi, the meximum

value of (C corresponds to the value of B at that polnt and stall
propagation becomes possible for the wave length which yields this
value of C. The problem is, therefore, the determination of the value

of b which gives Cpg,.

For the primary component of the wave

_’£<l +.’E__L-___)
C = b b cos Bp

2
It L - TCx
14+ 4= +
b(cos Bo 42 cosQBQ)-J

7l
:t(b + %08 Be 132)

L TCx
b+ x +
[ (cos Ba 42 cosaﬁg)}

For a meximum (or minimum) value of C, dC/db = 0 and this occurs when

*

(20)

e
cos Bpla2(L/c3)

A study of the expression for C shows that this velue of b glves
g maximm velue of C, at a value of b which may be positive or negative

depending on whether _2_1'__ 1s greater than, or less than, unity.
a<(L/c3)
There are now two possibilities. IFf —_— 1, then, for
«2(L/e3)
positive (i.e., real) values of b, C has a maximum value when
b= udf 5 T - 1| and this will be the value of b when stall
cos Boly; (L/cs)
T

propagation commences. If < 1, then the maximum value of C

a?(L/c3)
for positive values of b occurs when b = 0, and stall propagetion will
commence with the smallest values of b that are physically possible.
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T
Thus, the wave length 1s governed by the ratio ——7——— which is the ratio
(L/c3)

of the boundary-layer time delay to the inertia delay of the fluld within
the cascade. '

Stall propagation in circular, radisl-flow cascade.- For a rediasl-
outflow cascade of the type used for the experimental study (fig. 9), an
expression for propagation velocity may be derived in r6& coordinates
(see eppendix B).

With guide-vene interference effects included, but omitting the
boundary-layer time delsy,

. (5 cot by
[J T 2N
Tl 2 a'2 cos B _Iﬁ 1 - (R/I‘l)
2 oN
11+ (R/rqp)

Inside radius of cascade
Outside radius of cascade’
radius of the gulde-vane row, and N 1s the number of stall cells in ‘the
cascade. Conslderation of the boundary-lsyer time delsy yields lower
values of V/crl than does the expression given above.

+ cos fBo

R 1is the outside

where r;/r, 1is the ratlo

In terms of the cascade pressure coefficient

and this reduces to the same form as that for the rectangulsr cascade when
the stall cells are very large or the gep between the guide vanes and
the cascade is small.

Discussion of Solutions

The most important point of difference between the present analysis
and the analyses of Sears and Marble is the assumption made here that
downstresm oressure fluctuations mey be neglected. For the case con-
sidered by Sears (that with no pressure rise across the cascade when
stall propagation ocecurs), Cp = 0 and the present analysis then yields,
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v 2

e ETE_§EI' This is double

for disturbances with large wave length,

the value obtained by Sears. Because CP always lies in the range 0.3

to 0.6 when stall propagation commences, the values for propagation
velocity given by the present theory are never double Sears' predicted
values in any practical case, but may be greater or less than these
depending on the pressure rise and whether the wave length of the dis-
turbance is large with respect to the blade chord or of the same order
of megnltude.

The velues of propagation velocity predicted when the boundary-
layer delay is neglected should be larger than those obtained experi-
mentally, with the difference most pronounced for the case of disturb-
ances covering only a few airfoils when the boundary-layer delay will have
an important effect. An increase in the wave length of the stall cells
ghould be accompanied by an increase 1n propaegation velocity, if other
variables are unchanged.

EXPERIMENTAL INVESTIGATION OF ROTATING STALL

Experimental work has been carried out using both a stationary
cascade and s single-stage axial-flow compressor. This combination has
proved exceedingly useful because a wlde range of stall wave lengths
could be examined and the measured characteristics compared with theory.
In addition, a compaerison of phenomena observed in the two test rigs has
given an indication of the value and limitations of the clrculer cascade
as a resesrch tool. to reproduce effects found 1n turbomachines.

Stationary Cascade

Apparatus and procedure.- In order to obtain the simplest possible
type of flow in which a stable rotating-stall pattern could be observed,
the cascade was constructed in the form of a circle between two flat
plates (fig. 10). Air flows outward through the cascade, and the angle
of incidence of the alr entering the blades is controlled by a set of
varisble-angle nozzles shead of the cascade (fig. 11). There are 5k
compressor blades and an equal number of nozzles. Provision has been
made for removal of the wall boundary layers by suction through slots
machined in the casing (fig. 12). Air enters the test section through
two pipes parallel with the central axis of the cascade and turns into
the plane of the cascade before being accelerated in the nozzles. After
leaving the cascade, the alr is collected in a scroll and returned to
the compressors. '

e |
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An exterior view of the statlonary circular cascaede tunnel is shown
in figure 13 and the longlitudinal section and end elevatlion are deplcted
schematically in figure 14. The test section of the cascade tunnel is
shown in figure 15. A schematlc diagram of the flow circuit with the
state conditions of the fluid tabulated for a typical operating condition
is given in figure 16. With the closed-circult arrangement, the Reynolds
number and Mach number may be varied independently by changing the pres-~
sure level in the circult. Reynolds numbers up to 300,000 (based on
blade chord and conditions entering the cascade) and epproach Mach numbers
up to 0.8 are attainable.

The dimensions of the span and chord of the compressor cascade
blaeding are 1.7l inches and 0.96 inch, respectively (fig. 12), and the
airfoil section is shown in figure 11. The alrfoll shape was obtained
by conformal maepping of a rectilinear cascade into a clrcular cascade
with radius ratio rj/ro of 1.09. In the transformed cascade, the chord
of the airfoil (defined as the straight line Joining the centers of
curvature of the leading and trailing edges) mskes an angle of 42° with
the radius through the leeding edge (fig. 11.) The design-point inlet
air angle of h8.5° measured from the radius and the outlet asir angle is
38°. The blades of the cascade are located in position by pins which
fit into holes drilled in the casing on a cirecle of radius 8.23 inches
(figs. 10 and 12). After the stagger angle has been set, the blades are
clamped into position at one end with bar clamps which fit over the ends
of the pins and fasten adjacent blades together in pairs. It is thus
possible to change the stagger angle of the cascade by loosening the
clemps and resetting the bledes. A different procedure is required for
the three blades in the observation window since clamps would obscure
the picture. These blades are retsined in position by a wire soldered
to thelr trailing edges and to the tralling edges of the clamped bhlades
adjacent to the window.

At the commencement of the test program, difficulty wes encountered
with frequent torsion faellures of the pins on the clamped ends of the
blades. In addition, blade vibration caused chipping of the optical
flats around the pins (showing as a circular blemish on the schlieren
photographs) and the solder falled to hold the connecting wire to the
blades in the window. These problems were ameliorated, though not com-
pletely solved, by cementing the blades to the casing on the clamped
side and covering the pins of the blades in the test window with cement
before 1lnserting them in the window, thus increasing the demping and also
cushioning the surface of the glass.

The design of the test rig end caescade is described in detaill in
references 8 and 9.

Instrumentation.- The observations made in the cascade may be
divided into two classes, measurements of mean or steady-state values of
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pressure, veloclty, and flow direction and observations of instantaneous
values of these parameters and of the changes in the flow field around -
the airfoils in rotating stall.

To obtain mean values of statlc pressures before and after the
cascade, three pressure taps were fitted before the cascade at 120° from . —
each other on a circle of 7.69-inch radius, end three pressure teps were L
mounted behind the cascade between the first three on a circle of
8.94-1inch radius (fig. 12). Total-pressure probes were mounted in both
inlet pipes to permit a total-pressure traverse before the nozzles, and
the test window could be removed and replaced by & smaell traversing gear
to obtain a total-pressure traverse ghead of the blades in the window.

The alr angle leaving the cascade was measured with an uncertainty
of i2° using tufts attached toc the comnecting wire. The air angle
entering the cascade was assumed equal to the nozzle outlet angle, since
flow deviation is small for nozzles and the nozzles were so close
together that accurate measurement of the air angle could not be obtained.
An error of the order #2° is therefore possible in the air inlet angle.

The massg flow through the cascade was obtained with an estlmated
accuracy of tl/2 percent using a standerd A.S.M.E. orifice meter. The
totel temperature leaving the compressor was measured using a thermo- . -
couple with an accuracy of #2¢ F. TFrom & knowledge of mass flow, air
angle, total temperature, and stetic pressure, it was possible to compute pu
the magnitude of the parsmeter mJTo7 entering the cascade from which,
using ges tables for compressible flow, the meen entry Mach number,
velocity, and total pressure could be found. A check on the accuracy of
this method of calculating the conditions entering the cascade was R
available, inasmuch as the mean total pressure obtained should be very ‘
close to the average value found from a total-prebsure traverse shead . _
of the cascade. A comparison of the two values at several operating
polnts showed agreement within 0.5 percent, so that 1t was not necessary
to make total-pressure traverses ahead of the cascade at each operating
condition to find the mean total pressure. -

i

For observations in the unsteady flow, the main instrument used
was the Gas Turbine ILaboratory portable schlieren spparatus, which proved : .
effective for entry Mach numbers to the cascade as low as 0.2. Schlieren
photographs were taken using a General Radio.35-millimeter high-speed
camera, and a 1l6-millimeter Fastax camera, in conjunction with an Edgerton
high-speed stroboscopic flash unit operated at flash rates up to 6,000 cps.
The schlieren photographs showed the propagation velocity and the frequency
of the rotating stalls, as well as the changes in air angle ahead of the
cascade and the nature of the flow asround the airfoils. A pair of hot-
wilre instruments gave another method of calculating the propagation .o
velocity and number of stall cells and also showed qualltatively the
nature of the velocity fluctustions. Pressure fluctuations before and
after the cascade were compared by recording the signals from barium o
titanate crystals connected to static pressure taps. _ -
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Cagcade performsnce.- before commencing the test program, total-
pressure traverses were made in the Inlet pipes and ahead of the blades
in the test window. The thickness of the boundary layer in each inlet
pipe was of the order of 0.1 inch and outside the boundary layer a
maximum varistion in total pressure equal to 8 percent of the mean
dynamic pressure was observed, so that the total variation In velocity
outside the boundary layer did not exceed 4 percent of the mean velocity.
Varigtion in mean total pressure between the two inlet pipes did not
exceed 3 percent of the mean dynamic pressure in the inlet pipes. In
spite of the uniformity of the condltions entering the test section,
considerable asymmetry in statlc pressure around the cascade was observed
behind the nozzles, especislly when the inlet angle By to the cascade
was low. At the design inlet angle, the total variation in static pres-
sure around the cascade was 12 percent of the mean dynamic pressure
leaving the nozzles. The asymmetry gradually disappeared as the rotating
stall reglon was entered. These pressure variations were too lerge to be
explaginable by errors in nozzle-throaet area. Also, the scroll shape should
have had little upstream effect since the velocity in the scroll was very
low. The most plausible explenation of the preésure variation around the
cascade agppears to lie In the possible presence of reglons of separated
flow within the duct which turned the flow leaving the inlet pipes into
the plane of the cascade. Because of the space requirements of the
schlieren apparatus, the duct was designed for no acceleration of the air
as i1t turned, so that unfavorable pressure gradlents in some areas may
have caused flow separation before the nozzles. This effect would explain
the decresse in the percentage asymmetry with increasing B3, since up-
stream irregulasrities become less important as the pressure drop across
the nozzles increases.

Ahead of the blades in the test window, variations in total pressure
outside the wall boundary lsyers and the nozzle wakes were less than
5 percent of the mean dynamic pressure entering the cascade. The thick-
ness of the wall boundary layers was of the order of 0.050 inch and the
width of the nozzle wakes was approximately 0.070 inch.

The cascade performsnce was obtalned in terms of the pressure rise
across the cascade and in terms of the cascade outlet angle and is shawn
in figures 17 and 18 in which the cascade pressure coefficlent Cp and

the outlet angle B, measured from the radial direction are plotted
versus f3. It was found most convenient to operate the wind-tumnel

compressors at constant rotationsl speed during a test run and to vary
the air angle entering the cascade. Because of the compressor charsac-
teristic, this procedure resulted in almost constant mass flow through
the cascade st sny one rotational speed, independent of nozzle angle;
and, in consequence, the Mach number leaving the nozzles increased as
the nozzles were closed. Each curve in figure 17 corresponds to a
constant value of the ratio Wind-tunnel compressor tip speed

Speed of sound in air entering compressor
denoted by mp, and in figure 19 the Mach number entering the cascade is
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plotted against B3 for each of the three compressor speeds used. It
can be seen in figure 17 that, for any value of fj, there is a slight
increase in CP with increasing velues of . Within experimental
error, no change in Bo with Mach number could be determined.

Sterting at en inlet angle of 429, the pressure coefficilent increases
with B1 until at 48° the curve flattens out briefly before rising sgain.

The explanation of this dip lles in the fact thet the nozzle wakes wash
over the airfoils at a velue of B7 equal to 49° and have a serious effect

on the cascade performence. The pressure coefficlent then rises once more
until a pesak value is attalned at an inlet angle of 56°. Thereafter, the
pressure coefficient falls, until when B7 equals 59° the curve starts

to flatten, has & minimum value st 60°, a second peak at 63°, and then
falls off again. The nozzle wakes cross the alrfolls a second time when

B1 sattalns a value of 60° and at this point some unsteadiness was observed
in the nozzle and cascede wakes, but stall propagation did not begin until
the nozzle wekes passed the cascade. Random stalls were observed at an
inlet angle of 61°, and periodic rotating stell commenced at an inlet

angle of 64°,

It has been suggested that the temporary rlse in pressure coefficient
after initiation of the unsteady flow may be partly due to the increase”
in the root-mean-square value of the velocity entering the cascade. ZFor
a given inlet angle and mess flow rate in an unsteady flow, the mean
pressure rise across the cascade is proportional to the time mean value
of velocity squared, which increases as the velocity fluctuations become
larger.

At the lowest compressor speed, the Mach number entering the cascade
does not exceed 0.35, so that compressibility effects should be small and
the experimentel results msy be used to test the theory presented previ-
ously. Uslng the method of asppendix A, o has been cslculated for each
inlet angle up to the point where rotating stall commences end is plotted
against cot By} 1In figure 20. In the region before rotating stall

begins, the curve 1s practlcally a straight line, with a gradlent very
clogse to the value predicted by the theory, the tengent passing slightly
below the origin Instead of through 1t. This result is in sgreement with
experimental evidence for rectilinear cascades presented by Emmons,
Pearson, end Grant, in reference 2. 1In the ecircular cascade, rotating
stall started at a value of o of spproximately 0.80. It is, of course,
impossible to find velues of o for higher angles of attack in the
rotating-stall reglon because of the unsteady flow, end the nozzle angle
could not be increased sufficiently to pass through the unsteady flow
region into a state of steady, fully stalled flow.
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Schlieren photographs of the airfoils in the steady flow are pre-
sented in figure 21, at inlet angles of 42°, 460, k9,59, 53.2°, 56.89,
and 60.4°. The nozzle wakes and the cascade boundary layers are visible
and the forward movement of the separstion point with increasing p; can
be observed.

Rotating stell in cascade.- As the nozzle angle was increased
beyond 60°, the onset of rotating stall wes accompanied by an increase in
air noise from the appasratus, with a sharp intensification of the sound
at 64° when full rotating stall commenced. For inlet Mach numbers
agbove 0.5, lambde shocks appeared on the upper surface of the airfoils at
high nozzle angles and the occurrence of these shock waves was signalled
by a high-pitched screaming sound. The rotating-stall phenomena at low
Mach numbers will be described first, since compressibility effects had
a strong influence on the periodicity of the stall pattern.-

To obtain satisfactory schlieren plctures, M; was required to be
et least 0.2. In consequence, a compressor wmm ©of 0.173 (with My

ranging from 0.2 to 0.35) was most sultable for evaluation of rotating-
stall phenomens at low Mach numbers and extensive testing was carried

out at this speed setting of the wind-tunnel compressor. As can be seen
from figure 21(f), just before the transition from steady flow to random
stall occurred, the separation point on the suction surface of the airfoils
was approximately 30 percent of the chord length rearward of the leading
edge. A 1° increase in angle of attack from this point was sufficlent to
start random stall.

Tn this reglon of operation, the disturbance did not always propa-
gate from blade to blede across the window but would frequently die out
before reaching the last blade. Smell differences in blade setting may
have been responsible for this effect, since the possible variation from
the nominal setting was estimated st 11°. Figure 22(a) shows one cycle
of stall and unstall in the random-stall regime. Some of the plctures
teken in this region of operation showed the airfoils in the window
remaining stalled for 20 to 30 milliseconds before unstalling, while
others revealed stalls propagating across the window at intervals of
5 to 10 milliseconds. With increasing PBj7, the disturbances appeared

more regularly until et By = 64° the disturbances crossed the window

at time intervels ranging from 3.2 to 5.6 milliseconds snd could now be
properly called rotating stall (fig. 22(b)). An airfoll was now stalled
for approximately 4O percent of the time, and the wave length of the
gtalls was sbout six blade spacings. With further increases in B, the

stalls appeared more regularly and at B3 = 67° (fig. 22(c)) the time

intervals between disturbances varied only from 3.0 to 3.6 milliseconds.
From the fllm records the velocity of propagation could be calculated
within 5 percent and it was found that at any nozzle setting there was
little variation in propagation velocity between stall cells but that
the average propesgation velocity increased from 90 fps to 120 fps
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as By was increased fram 63° to 67°. Because of the variation in the
time interval between stalls snd the uncertainty in propagation veloelty,
the number of stall cells could be estimated only within about one cell,
but there appeared to be spproximately 9 cells in the cascade at B3 = 640,

with the number increasing to 11 at B; = 67°. 1In teble I, the measured
propagation veloclities are tabulated and compered with the results obtalned
ueing hot-wire equipment. L

Over the whole range of inlet angles for which rotating stall was
obtained, 1t was found that the time required to unstall an airfoil was
always greater than the time required to stall an sirfoll, the former
process requiring approximately 0.6 to 0.8 milligsecond, while the latter
was completed in O.4 to 0.5 millisecond (figs. 22 and 23). That this
should be the case is not surprising when it is considered that the fluid
in the separated region can only be removed at its own low velocity after
boundary-layer reattachment becomes possible, while the boundary layer
can separate from all points of the upper surface of the airfoil when
gtall occurs and fill the passage very rapidly. At the higher values
of B4, reversed flow was observed in the channels between airfoils after
stall hed occurred, so that, after the reverse flow had stopped, & small
smount of initially stationary flulid had to be removed from the channel
before good flow could recommence (figs. 22(c) and 23). It can be seen,
therefore, that 1t is impossible to separate the effect of boundary-layer
time delsy from the inertia effect for measurement purposes during the
unstalling process since the flow rate through the channel must be
changed before the reattached boundary layer can be seen. On the other
hand, when the airfoil stalls, flow separation and g decrease in « can
take place without necessarily being accompanied by a change in flow
rate through the channel, so that the time taken to stall after a change
in Inlet angle can be used to obtain an upper limit for the boundary-
layer delay. The average time for stall was approximately 0.5 milli-
second throughout the range of inlet angles; however, this is not equal
to the boundary-lsyer time delesy T since, for the equivalent exponential-
lag system, the minimum time required to attain 95 percent of the final
change In o after a step change in B7 would be 3T. An approximate

value for T 1ig therefore 0.16 millisecond. The inertia time constant
L/c3 w%s equal to 0.35 millisecond for this operating condition, since

ez = EEE—EE = 230 fps and the blade chord L = 0.96 inch. Thus, the upper
1imit to the value of T was approximately % L. and the true value was

c

3
certainly smaller than this since the inlet angle did not change
instantaneously snd the observed response of the boundary layer was
therefore slower than the theoretical response to a step change in
inlet angle.
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An interesting feature of the photograsphs is the occasional
appearance after stall of what seem to be vortex planes at the entrance
to a channel at the moment when the fluild within the channel is station-
ary and the unstalling process is about to commence (fig. 23). The planes
retain theilr identity in subsequent pictures and move through the channel
as good flow is reestsblished. These planes may be formed by shear
sction between the deflected main flow and the stationary fluild within
the passage and are visible as sharp lines only when they are perpendiculsr
to the plane of the cascade.

Hot-wire equipment was used to check the number of stall cells and
the propsgation velocity and also for traversing in the spanwise direc-
tion to determine whether the whole passege was affected by rotating
stall. The equipment employed was of the type manufactured by the Flow
Corporation of Cambridge, Mass., and is shown in figure 24 with the
dusl-beam oscllloscope, Land camera, and audio-osclllator. Two hot-wire
probes were installed behind the cascade at a distance apart of nine
blade spacings. The signals from the probes were amplified, fed to the
dual-beam Du Mont Type 322 oscilloscope, and photographed with a ILand
camera to be analyzed later. A time scale was added to each photograph
by feeding an oscillatory signal to the beam intensity control of the
oscilloscope and thus superimposing a line of blips of any desired
frequency on the trace. 8Since the approximate number of stall cells was
already known to be in the neighborhood of 12, two probes set a fixed
distance apsrt were sufficlent for determination of the phase lag and it
was not necessary to resort to the more complex procedure required for
identiflication of the number of stalls when no other information is
avallable. From the phase-lag measurements, the number of stall cells
could be calculated, and thls information together with the frequency
of the disturbances passing one wire was sufficient for computation of
the propagation velocity. The accuracy of this method depends entirely
on the regularity of the disturbances since the phase lag can be measured
sufficiently closely to pinpoint the number of stall cells only if the
phenomenon is periodic. As can be seen from the traces in figure 25, the
variation between stall cells was responsible for an uncerteinty of about
one cell. For example, at fq = 680 +the estimated number varied from
11 to 12, with 12 the most likely number. In eddition, it is possible
that the number of cells changed with time. In table I the results of
the hot-wire measurements are compared with those obtained from schlieren
photographs and the agreement is good. All the testing described in
table I was carried out with s cascade Reynolds number of 240,000. By
lowering the pressure at the inlet to the wind-tunnel compressors from
20 psia to 10 psia the Reynolds number was lowered to 120,000 without
changing the Mach number and velocity. At the lower Reynolds number
rotating stall did not begin until p3 attained 639, and the propagstion
veloclty was approximately 15 percent lower than at the higher Reynolds
number. There appeared to be 12 stall cells in the cascade. Slnce the
Reynolds number should affect only the boundary-layer deley, and possibly
the downstream pressure fluctustlions, one would expect only & sm=ll change
in propagation veloclity with Reynolds number.
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By traversing the passage with the hot-wire probes, the discovery
was made that perlodic rotating stall existed in a sharply defined band
of about 1/4-inch depth adjacent to each end wall of the cascade while
the disturbances were still of a random nature over the rest of the
cascade. The tip stall began at By = 61° and persisted until g = 630,

after which the periodic gtall filled the cascade.

Removal of the boundary layer through the slots behind the nozzles
had no measurable effect elther on the rotating-stall charascteristics of
the cascade or on the curve of Cp versus fj. If more than 2 percent

of the main flow was removed, the cascede pressure rise decreased,
indicating that fluld from outside the nozzle boundary layer was lost

and that the inlet velocity to the cascade was reduced. The tip stall
persisted and may have been caused by corner vortlices being shed by the
nozzlesg, as degeribed in reference 10. Carbon-black patterns showed that
the ends of the blades were stalled at By = 56°.

With increasing Mach number, the hot-wlre pattern remasined periodic
until shock waves first asppeared, after which a further increase in Mach
number was followed by a rapid deterloration in the periodicity of the
trace. A high-speed film teken at B1 = 67.2°0 with M = 0.65 showed
the stall pattern bullding up and then collspsing as descrilibed below.
Following a period of 14 milliseconds with all the alrfoils stalled, a
brief perliod of partial unstall moved across the window. Twenty-eight
milliseconds later, 6 cycles of unstall moved past the window, each
cycle occupying 1.5 milligeconds. After a further 20.7 milliseconds
from the appearance of the cells, the cluster of stalls moved by once _
again, but there were now 8 of them spparently occupying one-half of the
circle since they took 12 milliseconds to pass the window and had a
propagetion velocity of 18k fps, corresponding to a time of 21 milli-
seconds for 1 revolution. Another interval of 9-millisecond durstion
followed, with all the airfoils in the test window fully stalled, and at
the end of this time the 8 cells came by again, but this time they had
apparently sprung epert to fill the cascade since the interval between
each cell had doubled. The film terminated at this poilnt, but the hot-
wire traces indicated that this process was typical of the phenomens
at high Mach numbers and wes probably followed by collapse and s later
reforming of the pattern. A portion of the film is reproduced in
figure 26 and shows strong lambda shocks appearing on the upper surface
of the alrfolils after the inlet angle increased, with boundary-layer
separation behind the shock waves. At this Mach number V/c, had a
value of 0.66. '

At very low Mach numbers the pressure fluctuations shesd of the
cagcade were three times as large as those behind the cascade (fig. 27).
With increasing Mach number, the relative magnitude of the pressure
fluctuations behind the cascade increassed, until at My = 0.5 they were

as lerge as those ghead of the bledes.

-
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The nozzle wakes gave a useful indication of the inlet angle to
the cascade during rotating stall, and a comparison of the high-speed
motion plctures with the steady-flow schlieren photographs showed that
during the unstalled portion of the cycle the inlet angle was never
less than 56°, so that the airfoil was not operating to the left of the
peak on the CP curve at any time during the cycle.

No steady-state hysteresis effects were observed in the cascade
response to changes in inlet angle, the pressure coefficlient and
rotating-stall characteristics being dependent only on By =and unaffected
by the wey in which the operating point was approached. This suggests
that interference effects between blade rows are responsible for the
hysteresis found in compressor stall characteristics.

Effect of cascade solidity on rotating stall.- With the original
blade spacing, the stall cells had the appearance of a cloud of material
of fixed identity rolling =slong the cascade. This illusion of continuity
was so strong that, when the film was projected, the observer received
the Impression that the stall was flowing over and through the blades
rether than being propagated from one blade to the next. The position
of the boundary of the stall cell was a linear function of time and there
was no appearance of discontinuity due to the finite blade spacing. In
order to determine the effect of cascade solidity on the appearance,
veloeity, and number of the stalls, every second blade wes removed from

the cescade so thet the solddity o (éefined as %%%%%) was reduced

to 0.5, and the cascade was tested once again. In figure 28 the pressure
coefficient is shown for values of 1y of 0.173 and 0.288, and in

figure 29 Bo 1is plotted against p3. There was now very little turning

of the flow and the greater part of the pressure rise was due to the
change in radius, which was responsible for a theoretical pressure coef-
ficient of 0.25. The CP curve stlll showed the same characteristics

as those observed wilth the higher solidity, with a dip in the curve
at By = 499, a peak at B3 = 549, a minimum value at By = 60°, and &

second peek at By = 62°. Rotating stell was observed in the wall bound-
ary layer at the ends of the blades at an inlet angle of 61°, and full
rotating stall commenced at 64°. The pressure coefficient and flow
deflection were now too small to permlt accurate measurement of «, which
was approximately 0.9 when rotating stall began.

High-speed schlieren photographs taken with an inlet Mach number
of 0.35 showed that the number of stall cells was approximately 13, with
V/er increasing from 0.76 at By = 65° +to 0.86 at By = 68.6°. There
were now only two airfoils in one wave length of the disturbance, and
yet the stalls still moved with uniform velocity along the cascade.

Flow separation on the suction surface of one blade commenced when the
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pressure side of the blade was touched by the stalled region generated
by the previous blade (figs. 30(a) and 30(b)). Frequently, the boundary
layer reattached on one blade before stall commenced on the blade above
1t, so that part of the passage had good flow while the upper portlion of
the passage was still occupled by low-energy fluid. When a blade stalled,
a regilon of flow separstion appeared first at the leading edge and then
grew and moved back slong the blade, requiring spproximately 0.5 milli-
second to cover the blede. To obtain a better definition of the nozzle
wakes, & high-speed motion picture was teken with an inlet Mach number
of 0.45 (fig. 31) and, fram this, it can be seen that the air inlet
angle to an airfoil increased sharply Just before the slrfoil was
touched by the stall propagsting from the adjacent blade.

A further reduction in solidity to 0.33 was accomplished by
removing nine of the remaining blades from the cascade. Only one blade
was now visible in the window, but rotating stall still occurred and the
turbulent sir from the adjacent blade could be seen crossing the window
before stall occurred on the blade in the window (fig. 32). The fre-
quency of the disturbances was now almost twice the frequency obtained
with a cascade solidity of unity, being 630 cps at By = 68.6°. Hot-
wire measurements showed that there were still approximately 13 stall
cells in the cascade, propageting with a veloclty of 200 fps.

When nine of the remaining blades were removed (leaving nine blades
in the cascede) rotating stall did not appear, and for inlet angles
greater than 61° the flow separated from the leading edge as shown in
figure 33. The stalling process was quite abrupt, with the separation _
point Jumping suddenly from the 30-percent-chord position to the leading
edge as By was increased from 60° to 61°.

In figure 34, the frequency of the stalls is plotted against
solidity for pj = 68.6° and My = 0.35, and on the same diagram the

frequency of eddy formstion for a single airfoil (Von Kirmén vortex
street) as determined by Fage and Johansen (ref. 11) is shown. The

formuls for the eddy frequency of s plate or airfoll is f = 0.155%,

where f 18 the frequency in cycles per second, V 1is the free-stream
velocity in feet per second, and b 1is the.component of chord normal
to the free stream in feet. The stall frequency spparently tended
towards the single-sirfoil eddy frequency as the solidlity was decreased.
When the cascade solidity is too low to permit roteting stall, the
airfolls shed eddies, and for the nine ailrfolls in the cascade an
attempt was mede to measure the eddy frequency. Accurate determination
was difficult because of stream turbulence and becsuse the hot-wire
could not be traversed to find the position where the disturbances were
most regular, but the eddy frequency appeared to be approximately

1,000 cps and this point lay on a smooth curve through the single-airfoil
eddy frequency and the rotating-stall frequencles. Although accurate
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determination of the eddy frequency was not possible with the present
arrangement of the apparatus, this result suggests that there may be a
connection between the eddy frequency in the &bsence of roteting stall
and the frequency of stall cells with smell wave lengths. No experi-
mentael work has apparently been done on the effect of blade spacing on
eddy frequency and it would appear that such a study might shed some
light on the relationship (if any) between eddy frequency and rotating
stall. The eddy frequency is governed by the same parameters that
determine the boundary-layer response in rotating stall and the fact
that no satisfactory theory of vortex shedding has yet been developed
is an indication of the complexity of the problem and the inadequacy of

the simple exponential-lag representation of the boundary-layer response.

Comparison of theory with experiment.- Using the simple theory
with 7 assumed negligible, the theoretical propagation velocities
were computed from the curves of Cp and Bo versus By for the
cascade with solidities of 1 and 0.5. The calculstions could be made
only in the steady-flow reglon since it is unlikely that the pressure
nmeasurements in the rotating-stall region represent the steady cascade
performance. TIn consequence, 1t is not possible to compare the theo-
retical propagation velocitlies directly with the experimental results
for the same angles. In figure 35(a), the computed propagation veloci-
ties for 9, 10, 11, and 12 stalls are plotted versus B3 for o= 1,
together with the experimental velocities. The broken lines represent
the extrepoletion of the theoretical curves into the rotating-gtall

regime and it can be seen that most of the experimental points lie within

this ares, which ig as much as could be hoped for from a simple linear-

ized theory. TIn this case, failure to consider the inertis of the fluid
within the cascede would result in an error of the order of 100 percent

in the predicted propagation velocity. The propagation veloeity with

8 Reynolds number of 120,000 and 12 stall cells ig glightly smaller than

that with 12 cells and a Reynolds number of 240,000.

In figure 35(b), the computed snd observed propagation velocities
are shown for the lower solidity, and here the agreement is not so good.
The assumption of one-dimensional flow within the passages is certainly
not valid for low cascade solldity and the effective inertia of the air
within the cascade may be considerably less than the value given by the
theory. The good agreement between the experimental results and the
simple theory for the high-solidity cascade suggests that the boundary-
layer time delasy T may be considerably smaller than the approximste
value calculated earlier, since a value of T equal to %-é% would
reduce the predicted propagation veloeity by gbout 30 percent. From
figure 34, it can be,seen that increasing the cascade solidity beyond
0.T5 has little effect on the stall frequency and, hence, on the prop-

agation veloecity. Accordingly, it would appear that the neglect of finite

blede spacing in the theory is Justifigble for solidities greater than
0.75.

/"
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Rotating Stall in a Free-Vortex Single-Stage Axial-Flow Compressor

Some of the unpublished results obtained in an investigation of
rotating stell in a single-gtage compressor_are presented herein for
comparison with cascade performance and theory. The compressor wes a
free-vortex machine with a hub-tip ratio of 0.75, and the stage consisted
of a row of inlet gulde vanes, & rotor, and a set of stator blades. The
axial clearance between the rotor and guide vanes was 1.5 inches and the
rotor had an outside diameter of 23.25 incheg and held 44 blsdes with a
mean chord length of 1.5 inches. With the stator removed, an investigation
of the rotating-stall characteristics of the machine was made using hot-
wire equipment. For the rotor, the geametry of the blading was quite
similar to that of the stationary cascade, with a design-point air inlet
angle of 48° at the mean radius.

The performance of the rotor in terms of pressure coefficient and
relative outlet angle at the mean radius versus relative inlet angle is
shown in figures 36 and 37. As the mass flow was decreased at 1,500 rpm,
eight stall cells appeared at B1 = 67° covering the blades from root

to tip and propagating at approximately 30 percent of rotor speed relative
to the rotor. A further decrease in flow caused a change to nine cells
at Py = T1°, with spproximately the same propagation speed. At B1 = 759,

the nine cells were replaced by a single stall cell propageting at 50 per-
cent of rotor speed relative to the rotor. Three stall cells sppeared

at By = 80° and four cells, at Bj = 84°. - Throughout the whole rotating-
gtall range, the pressure fluctuations shead of the inlet gulde vanes _
were less than 25 percent of the pressure varilations between the guide
venes and the rotor, indicating that the effect of the guide vanes on the
unsteady flow was substantially as assumed in the anslysis. The pressure
variations behind the rotor caused by rotating stall (that is, the differ-
ence between the fluctuations with and without rotating stall) were less
than 25 percent of those shead of the rotor throughout the whole flow
range in which rotating stall was obtained.

In figure 38, the predicted and observed values of propagstion
velocity are plotted against pB,. At the commencement of rotating stall

where the linearized theory is most likely to be applicable, the agree-
ment 1s remarkebly good. As in the cascade, the accuracy of the simple
theory indicates that the effect of the boundary-layer delay on velocity
must be small. The change from nine cells to one cell at By = T5° was
accompanied by a considerable increase in propagetion velocity, verifylng
the prediction that propagation velocity should increase with wave length.
The theory comes within 25 percent in predicting the propagation velocltles
of the large stall cells, probably because the pressure fluctuations
behind the rotor were small in this case even for large cells. By con-
sidering the flow field behind the cascade as a continuum, 1t 1s posslble
to obtain a solution for propagation velocity which reduces to the
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Sears-Marble result for large waves with small pressure rise across the
cascade (appendix C). This solution predicts propegetion velocities which
are much lower than the experimental values for both the stationary cas-
cade and the rotor, showing that neglecting the downstream pressure
fluctuations ig the better assumption for the single blade rows tested.

SUMMARY OF RESULTS

A theory of stall propagetion in a cascade of airfolls of high
s0lidity has been developed which Includes the effects of finite blade
chord and of the boundary-layer response to changes in angle of attack.
When the flow downstream of the blade row was treated as = series of
free Jets discharging into a constant pressure chamber, the following
results were obtalned:

(1) The wave length of the stall cells at the beginning of
rotating stall, which was obtained enalytically, was dependent on the
emount of time required for movement of the separation point on the
alrfoil (boundary-layer time delsay).

(2) The theoretical prediction that the velocity of stall propaga-
tion incresses with the wave length of the stall cell was confirmed by
experiment,

(3) The values obtained analyticelly for the stall propagation
velocities agreed within 25 percent over a wide range of wave lengths
with the results obtained experimentally on both the stetionary circulsr
cascade and the single-gtage compressor.

When the flow downstream of the cascade was treated as a continuum,
the solution for the stall propagation velocity applied to the case of
large waves wlth a small pressure rise ascross the cascade. For this case
the predicted stall propagation velocities were much lower than those
obtained experimentally.

Massachusetts Institute of Technology,
Cambridge, Mass., May 10, 1955.
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APPENDIX A

CALCULATION OF CASCADE DISCHARGE COEFEICIENT
FOR REAL CASCADE
The cascade discharge coefficient o has been defined as the ratio

of the sctual mass flow through the cascade to the ideal mass flow for
the same value of (pol - pa) and flow deflection with no losses. It

may be obtained from conventionel test results as follows:

For a rectilinear cascade,

o = Actual mass flow
Tdeal mass flow for same (Pol - pg)

Therefore,

Cl cos ﬁl
~ {ea) cos Bo

Q
|

1deal

Cl cos Bl
cos B 2 -
2\f5(Po1 - P2)

Since Po, = Po; with no losses,

¢ cos Bl

Bz\/% [(Por = 22) = (%2 - 2}

Q=

c) cos By

cos B@/clz - Cp012

cos Bl

cos B\l - Cp

nil

i

b
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where
2
cp = (32 - 23

For a circular cascsade,

Zﬂrlcl cos Bl

o =
2nr2(c2)ideal coefo

which reduces to

Ty cos By

T, cos Bgdl - Cp

a =

%9
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APPENDIX B
STALL PROPAGATION VELOCITY IN POLAR COCRDINATES

Stall Propagation in Circular Cascade

The circular cascade arrangement is as shown in figure 9. Consider
disturbences from an incompressible plane source-vortex flow with velocity
r r

1
components cgq = cel - and cp = °r1 T

the radial direction. The flow before the cascade is irrotational so
that a veloclty potential can be used.

end angle p; measured from

Tl ry L1
In the disturbed flow u = crl - + ¢ and v =-c91 + + F0g.

From continuity,

Therefore,

TOrx + Qp + 2999 = O

Solutions to this equation are obtained in the form

Q= i[&n(t) cos nd + bp(t) sin ne:lrn
= .

satisfying the condition P =P =0 at r =0,

For n = 1, the velocity perturbation does not die out at the origin.

From Bernoulli's equation for unsteady flow,

(@), + c18e; + &p1/p = 0
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If inertia effects are neglected between (:) and (:) (fig. 9) then
c18ey + 8p1/p = czbez + Bpz/p
s0 that

(o), + c3 Bz + 8pz/p = O

Inertia Effects Within Cascede
In order to cbtain the inertis effects within the cascade, it is

assumed that the blades are in the form of logerithmic spirals of small
curvature (velid if r2/r1 is close to unity); thus, the momentum equation

along the mean line of the passage (called the l-axis) can be written

de dc 1 op
Eft-+c§'+'53-z-=0

the same equation given for the rectilinear cascade. A similar process
of integration gives the equation

Lg—t-(a:5) + (cpt)l +cp 8c, = 0

Also,

2 2
A3 A3 o BAp
cp Bcp = (KE) c3 Sc3 - (EE) c3 vy
as in the case of the rectllinear cescade. However, o 1is now glven

rqi A
by a = F;;Kg since the outlet aree with no separation region is now
273

— Az. Therefore,

2 r.\2
1/71 N A 8.
co Beo = “=|——| ¢z Bc3z - —| ez2 =
m2<z2) 3 3 o2 r2) >
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where

whilch reduces to

Q. - cot By@./r
cel

B
o

CL‘
T
An equation for ¢ at (:) is obtained in the form

r\2 ¢ cot Bt r1\2 cot2Bq e,
L t+i_1_ ¥ [ 1%\, etff1 1°r% _ 4
cos B3 r al\Tro 005251 o aj ro cosgﬁzrl

By inserting the solution for ¢ and separating the coefficilents of -
cos n® and sin n8, two differentisl equations in terms of &ap and by

are obtained which yleld the characteristic eguation

- 2
. 2 2 2
L+ o+ R 1 °ry [ o %OF Bae\l o natfT1 2 oot Byemy) 0
cos Bl ) @2 rs c05231- [0 @5 \I‘e COt262
Stall propagation occurs when o' = EE%EEI and the velocity of the
™! harmonic is.given by : '
v r1\2 cot B
n _ (X1 1
er1 \T2) & cos Bg(%% + cos BE)

Thus, if there are N symmetrical stall cells in the circular cascade,
the velocity of propagetion of the primary component is obtalned from

Crq 2] o2 cos 32(%§ + cos BE)
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Upstream Interference Effects

In determining upstream interference effects, if a row of inlet guide
vanes -is placed before the cascede, with outside radius R, then @, will

be forced to zero at r = R and a solution is obtained in the form

Q= ;Ea,n(t) cos n6 + bp(t) sin ne._l (rn * R’anr-n)

Substituting this solution, as before, in the differential eguation

satisfied by ¢ at @ and carrylng through the rest of the solution
glve

ro i - (R/r 2N
a2 cos B Re} (B/r1) + cos Bo

11+ (R/rq)

where V 1s the velocity of propagation of the fundsmental component
of the wave when there are N symmetric stall cells in the cascade.



Lk NACA TN 3580
APPENDIX C
STALI, PROPAGATION VELOCITY WITH FLOW INTO A CONTINUUM

By agsuming that the fluid from each blade passage mixes without
Pressure recovery immediately after leaving the cascade so that the down-
stream flow field is & continuum, 1t is possible to obtain an expression
for propagation velocity which reduces to the Sears-Marble velue for
large waves with small pressure rise amcross the cascade.

Under these cilrcumstances, the x-component of velocity immediately
behind the cascade in the unsteady flow will be cy + (cpx)l and the

y-component of velocity will be [cx + (cpx)l] tan Bo.

In the downstream flow field, let
u=cy + u'
v = cx tan B + V!

The lineasrized momentum equations are

13 du' u! du!
b ox(P) +F v ox gyt Cx 5y tan o= O

19 ov! ov' ov!
35.:);(513) Pt Fox gy toxg tan Ba=0

Differentiating the x-momentum equation with respect to x and the
y~-momentum equstion with respect to y and adding give (by using the

T 1
continulty relastion ?}2— + g;— = O)

32 32
SBop) * gy—z(ap) =0
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A solution to this equation may be obtained in the form

8p - /b
_F:’E = ;[cn(t) cog % + dn (t) sin_?%ﬂ]e

From the x-momentum equation

;7(813) +3—+°Xr+°x tanae?l-'—
But
ou' . ov' _ 0
> t&% <
Therefore,
ou! ov! du' _
p5--('579) +575—- cxgy—+cx tan 5237‘
At the cascade,
vo' = up' tan Bo
Therefore,
13 e
5 ox(%r2) = - 5%~
but

Jusr'! dby,
- —B—UQ a—(CPx)l = __i(‘f;n cos n‘? a sin %&)

b5
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and 80
%g;(@z) = - Ebif. nz;-[cn(t) cos E_EZ + dp(t) sin n_gx] |
Therefore,
en(t) = 22
an(t) = 28

and 8p/p after the cescade is 8ps/p which may be written as

Sp
-FE 3%5 n_ll:a.n(t) cos _n_;rx + bp(t) sin -n—.?{l

(),

By substituting this value for 5p2/ p in equation (5) instead of putting
dpo = 0, the finsl expression. for propagatlion velocity is

v 2(1 - cp)

X gin 2Bl('b—coLS£'é—2- + 2)

and this reduces to the Sears-Marble value for Cp = 0 and Lfo = o.



NACA TN 3580 L7

lol

REFERENCES

Cheshire, L, J.: The Design and Development of Centrifugal Campressors
for Aircraft Gas Turbines. Proc. Institution Mech. Eng. (Iondon),
vol. 153, 1945, pp. L426-440.

Emmons, H. W., Pearson, C. E., and Grant, H. P.: Compressor Surge snd
Stall Propagetion. Advance Paper No. 53-A-65, A.S.M.E., Dec. 1953.

Tura, T., and Rannie, W. D.: Experimental Investigations of Propa-~
gating Stall in Axial-Flow Campressors. Trans. A.S.M.E., vol. 76,
no. 3, Apr. 1954, pp. L63-LT1.

Huppert, M. C., and Benser, W. A.; Some Stall and Surge Phenomens in
Axigl~Flow Compressors. Jour. Aero. Sei., vol. 20, no. 12, Dec. 1953,

pp. 835-845,

Sears, W. R.: A Theory of "Rotating Stall" in Axial-Flow Compressors.
Contract AF-33(038)21406, Office Sci. Res., Dept. Air Force, and
Graduate School Aero. Eng., Cornell Univ., Jan. 1953.

Marble, F. E.: Propagation of Stall in a Compressor Blade Row. Tech.
Rep. No. L4, Contract AF-18(600}-178, Office Sci. Res., Dept. Air
Force, and Daniel and Florence Guggenheim Jet Propulsion Center,
C.I.T., Jan. 1954,

Stenning, Alan H.: Stall Propagstion in Cascades of Airfoils. Readers'
Forum, Jour. Aero. Sei., vol. 21, no. 10, Oct. 1954, pp. T11-713.

Kriebel, A. R.: 8Stall Propagation in Cascedes of Airfoils. M. S,
Thesis, Dept. Mech. Eng., M.I.T., June 195.4.

Kriebel, A. R., and Stenning, A. H.: A Cascade Tunnel for Tnvestiga-
tion of Rotating Stell. Rep. No. 26, Gas Turbine Lgb., M.I.T.,
Aug. 195L.

Herzig, Howard Z., Hansen, Arthur G., and Costello, George R.: A
Visualization Study of Secorndary Flows in Cascades. NACA Rep. 1163,
1954k. (Supersedes NACA TN 294T.)

Fage, A., and Johsnsen, F. C.: On the Flow of Air Behind an Tnclined
Flat Plate of Infinite Span. Proc. Roy. Soc. (London), ser. A.,
vol. 116, no. 773, Sept. 1, 1927, pp. 170-197.



L8

[‘I’otal temperature, 535° R; cascade Reynolds number, 211-0,000]

TABLE I

COMPARISON OF PROPAGATION VELOCITIES

NACA TN 3580

Schlieren photographs _

Hot-wire method

B2, My °T1, | Number of Propagation Number of|Propagation

deg fps | stalls, | velocity, |V/ cry| stalls, | velocity, |V/ery
N V, fps N V, £ps

63.8]0.326(161 9 1ok 0.64 9 99 0.62

65.5| .343|160 10 110 .69 9 112 .70

67.2]| 361|159 11 117 < Th 11 116 «Th

68.5| .377/159 - -—— ——— 12 115 .72
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Figure 5.~ Stability criterion for stall propegetion.
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Figure 6.- Plot showing -Z'i versus By for caescades in stalled condition.
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Flgure 6.- Concluded.
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Figure T.- Representation of cascede with inlet guide vanes.
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Figure 8.~ Staebility criterion with boundery-layer delsy.
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Figure 9.- Representation of clrculsar cascade.
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Figure 10.- Test section blading.
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Figure 1l.- Schematic blading diagram for stationary circular cascade

ghowing design angles.
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Figure 13.

- Cascede tunnel and portsble schlieren.
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Flgure 14.- Longitudinel sectlon and end elevation of stetionary-circular-
cascade test faclility.
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Figure 15.- Test section of the
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stationary~-clrcular-cascade tunnel.
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COMPRESSOR h—

COOLER

SCREENS

TEST SECTION

@O0
Station %flus: n%‘l?:ger V?I%clsfy, Po,—f'% P Po, PSia p T,°F
i 78 |0.0712 0.0710 | 14.54 | 14.49 20
2 62 .0855 | .0854 |18.09 | 18.06] 90
3a 127 0814 | .0809(16.60 | 16.47 89
3b 133 0786 | .O781 |16.0! |]15.86| 89
3c 0.44 498 0786 | .O715 (16.01 (14,02 70

4 6.0 45 509 | .0786 | .0714 |16.01 | 13.93| 68
5 7.2 71 776 0771 | 0608 | 15.68 |11.25| 45
6 7.9 .59 658 | .077t | 0652 |15.69 {12.40| 54
7 8.7 .39 443 | ,0759 | .0703[15.47 | 13.93] 73
8 2.0 28 3i7 | 0759 | .O730|15.47 | 14.56| 82
g R3O 10 115 0714 | .07!1 [ 14.56 | i15.86| 89

- Figure 16.- Schematic diagram of air circuit snd tabulated properties.
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Figure 17.~ Cascade performance. Presgsure coefflcient versus By for
o = 1.0.
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Figure 18.~ Caescade performance. B, versus

60

By for o= 1.0.
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Flgure 19.- Mach number entering cascade versus Bj.
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Figure 20.- Cascade performance. o versus cot f; for o = 1.0. Broken

line indicates gradient predicted by theory at the point where rotating
stell begins.



{d) B, = 53.2°, (e) B, = 56.8°, ) B ='60.4°.
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Figure 21.- Bchlieren photographs of cascade in steedy flow. 92l 7
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(b) By = 64% M) =0.33; o = L.0.

Figure 22.- Rotating stell. 5,000 frames per second.
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(e) By =67% My =0.35; o = 1.0.

Flgure 22.- Concluded.

Tt o1y OF . MWrmmedkmar oaTcoom e F . ~ s n L-9_2}-Ilo
Flgure 23.~ Vortex plaues in cascade. 5,000 frames per second;
AL = 67°% M; = 0.35; ¢ = 1.0
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Figure 2k.- Hot-wire-snemometer equipment and cascade tunnel.

0gce NIL VOVN

€9



0.

(a)

(b)
(a)
(b)
-— TIME
(e) By = 65.5% M) = 0.3h.
Figure 25.- Hob-wire-anemmmeter traces from two probes upstiresm of cascade
with probe (b) located nine blade spaces sheed of probe (a). Velocliy

increases toward center of osclllogram. Timing signals are for
500 cycles per second.
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L-921112
Figure 26.- Rotating stall. 6,000 fremes per second; By = 67°;

Ml = 0165; o= l-O¢
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Figure 27.- Pressure fluctuations at tap (a) upstream and at tap (b)
downstresm of cascade. B, = 68.5% M; = 0.22.
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Figure 28.- Cascade pressure coefficlent versus By for o = 0.5.
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Flgure 29.~ Cascaede performence.
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L-9241}
Figure 31.- Rotating stall. B; = 68.5% M; = 0.45; 16-millimeter Festex

camnera. -

Figure 32.- Rotating stall. 5,000 frames per second; By = 68.5%
M; = 0.35; o = 0.33.
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Figure 33.- Stalled alrfoll.
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Figure 34.- Frequency of oscillstions versus solidity. By = 68.5°%;
M; = 0.35.
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Figure 35.~ Theoretical and experimental values of propagation velocity.
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Figure 35.- Concluded.
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Figure 36.- Rotor performance. Pressure coefficlent versus Bl‘
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Figure 37.- Rotor performence. fo versus Bqe

n

cg

ORGE ML VoUN



A ‘PIetd SnkveT - VOVN

5.0 ( [
A | STALL
X 3 STALLS
d 4 sTALLS
4.0
O B8 STALLS
a 9 STALLS X
/7
3.0 j‘é 4
V] . _/ Y
v / Fal
—_ y
c! P A/
2!0 %é"
.
THEORYI‘//;"‘//
2
=’ "
i.0 - J'IZI"F-
8
9
0]
58 62 66 70 T4 78 82 86

B, , deg

Flgure 38.- Theoretical and experimentel propagation velocltles for rotor.
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